ABSTRACT Gas discharge theory as an important subject has been widely employed to solve various questions related to discharge. However, previous concerns about gas discharge were mainly related to some discharge situations in static gases, which do not consider the influence of airflow on discharge. In this paper, the influence of both the airflow direction that is parallel to the field direction and the airflow velocity on air discharge is studied. The airflow is found to induce an obvious polarity effect, which results in a substantial difference in the breakdown voltage values. Compared with the breakdown voltage in static air, the breakdown voltage in airflow decreases because of the downwind effect and increases because of the headwind effect. The relative mean free path of electrons, the diffusion radius of electrons, and the air density are the three major factors affecting the discharge process, and they change with the airflow direction and airflow velocity. The combined effects of those three factors determine the variation trends in breakdown voltage with airflow velocity. These results can provide guidance for the design and insulation coordination of high-voltage equipment in an airflow environment.
I. INTRODUCTION
The basic theories of gas discharge including the Townsend theory and streamer theory have formed the basic guiding principle of gas discharge and have been widely employed to solve various questions related to discharge [1] - [6] . These theories are the basis of design and insulation coordination of high-voltage equipment in many fields. However, previous concerns about gas discharge were mainly related to some discharge situations in static gases. At present, the design and insulation coordination of high-voltage equipment do not consider the influence of airflow on discharge.
The authors found that the discharge current of a needle-plate gap with a wind speed in the field direction is greater than that in a direction that is perpendicular to the field direction [7] . The wind in the ion drifting direction causes an increase in the corona current [8] , [9] . The wind blowing from the corona point towards the other conductor effectively increases the ionic mobility and the corona current; when the wind blows in the opposite direction, the ionic mobility and corona current are reduced [10] . With the external airflow in the ion drifting direction, the ions are moved not only by the Coulomb force but also by the airflow. As a result, the current becomes larger. For the airflow in the direction opposite to the ion drift, this causes the current to decrease [11] . These results indicate that the airflow direction causes a change in the air discharge. In the literature, Kang et al. [12] found that the airflow causes a decrease in air density and results in the weakening of the insulation ability of air, which enhances the discharge of the air gap and decreases the breakdown voltage. At the same time, the discharge process is obviously affected by the airflow because of the frequent collisions between the neutral molecules from the airflow and the charged particles in the airflow direction, which improves the insulation ability of air and increases the breakdown voltage. Experimental results showed that both the flashover voltage of insulators and the breakdown voltage of the air gap (in the pure airflow) increase with the increasing wind speed in the range from 0 to 15 m/s, as a horizontal force caused by the wind dissipates the formed arc, making the arc channel more difficult to be established [13] - [17] . In addition, with the further increase in airflow velocity, the variation trends of the flashover voltage of a cylindrical insulator and the breakdown voltage of a needle-plate gap exhibit an abnormal peculiarity, i.e., the flashover voltage and breakdown voltage first increase and then decrease with increasing airflow velocity from 0 to 120 m/s [12] , [18] .
The authors then revealed that the discharge in airflow is synthetically affected by the following combined effects: the decrease in the air density; the deflection of the discharge path; and the blowing of some of electrons and ions caused by the frequent collisions between the molecules and the charged particles in the airflow direction [12] . These previous studies indicate that the discharge in airflow is very different when compared with that in static air. The airflow direction and airflow velocity greatly affect the air discharge. In practice, many discharge situations in airflow might be considered, e.g., the breakdown of the air gaps between transmission lines and the flashover of insulators in a power system in a windy environment, as shown in Figs. 1a and 1b, respectively. In addition, the high-voltage equipment on the roof of the electric train shown in Fig. 1c is subjected to airflow up to 100 m/s caused by the train speed [19] . The discharge brushes on the surface of the aircraft shown in Fig. 1d could suffer from a higher-speed airflow (approaching the speed of sound) on the surface of an aircraft [20] , [21] . In the aforementioned situations, the operation of highvoltage equipment will be affected by the airflow direction, which is parallel to the electric field direction, and the airflow velocity. However, the discharge characteristics and mechanisms in such situations remain unclear. Therefore, investigations on the influence of the airflow direction, which is parallel to the electric field direction, and the airflow velocity on air discharge are urgently required. These results can provide guidance for the design and insulation coordination of high-voltage equipment in an airflow environment.
In this paper, we attempt to ascertain the influence of the airflow direction parallel to the field direction and the airflow velocity on the air discharge under DC voltage conditions and to reveal the discharge mechanisms.
II. EXPERIMENTAL SETUP
The principle diagram of the experimental test is shown in Fig. 2 . An artificial experimental wind tunnel, designed to simulate an airflow environment, consists of a centrifugal fan, a steady section, a test section and an extended section.
FIGURE 2. Principle diagram of experimental test.
A pair of needle-needle electrode was installed in the test section along the airflow direction. The needle electrode was 1 mm in diameter with a curvature radius of 0.1 mm. A DC high voltage power (ZGF-120) with an output voltage of 0∼120 kV was applied to the needle-needle electrode. A high-voltage probe (Tektronix P6015A) was used to monitor the voltage on both ends of the electrode with the signal output to an oscilloscope (MDO3000 Tektronix). The occurrence of the breakdown defined as the appearance of a spark was judged by observing the sudden change of leakage current measured by a non-inductive resistor of 100 k . The discharge images were obtained by using a camera (EOS Canon). In the experiment, the temperature, relative humidity and air pressure were approximately 20 • , 60% and 96 kPa, respectively. The increasing voltage method was adopted according to the IEC standard IEC 60243-1 [22] . To reduce the experimental errors, the same experiment was repeated five times.
III. EXPERIMENTAL RESULTS AND ANALYSIS

Experiment 1:
We set the left needle electrode as the anode and the right needle electrode as the cathode for this experiment. In this case, the electrons move from the right needle electrode to the left needle electrode, i.e., the direction of electron motion is opposite the airflow direction, resulting in a headwind effect. The variation trend in the breakdown voltage with airflow velocity is shown in Fig. 3 From Fig. 4a , we observe that the corona discharge strength is much less than that in Fig. 5a . The light region of the corona discharge is dispersive and extends from both ends of the electrodes to the whole electrode space, as shown in Fig. 4b , which looks similar to a fish-shaped discharge channel. The strong discharge areas focus around the needle-needle electrode; conversely, the discharge of the middle areas is weakening, and the leakage current is also small (on the order of 0.1 µA). In addition, the extension radius of the corona discharge is greater than that shown in Fig. 5 , which indicates that the headwind effect may increase the diffusion radius of electrons when compared with the downwind effect. When the applied voltage is increased to 45.1 kV, a pulse current is observed. At this moment, breakdown of the air gap occurs, and a spark is observed between the needle electrodes, as shown in Fig. 4c . Fig. 5 shows the discharge images in experiment 2, which obviously differ from those in Fig. 4 . The light region of the corona discharge is concentrated compared with that in experiment 1 and cuts through the needle-needle electrode space, which resembles a narrow discharge channel (as shown in Fig. 5a ). A strengthened discharge region appears in the left needle electrode and extends to the middle area of the electrode space. In this case, the strength of the corona discharge is greater in the whole electrode space than that in experiment 1, and the leakage current is also greater (although the applied voltage is only 15 kV, much less than the 30 kV used in experiment 1). That is, in the downwind case, the excitation and ionization of atoms occur more readily than they do in the headwind case, which indicates that the downwind effect imparts electrons with greater energy from the applied field than the headwind effect does. When the applied voltage is increased to 16.4 kV (approximately one-third of the breakdown voltage value in the headwind case), the breakdown of the air gap occurs, and a spark is observed (shown in Fig. 5b) .
The aforementioned results indicate that the airflow causes an obvious polarity effect for the discharge of the symmetric needle-needle electrode, which is very different from the effect in static air (caused by asymmetric electrode structures). In airflow, the downwind effect strengthens the VOLUME 6, 2018 discharge and decreases the breakdown voltage, and the headwind effect generates the opposite results.
IV. DISCUSSION
To explain the polarity effect and reveal the discharge mechanisms, we discuss the following.
It is obvious that the reason causing the polarity effect is due to the change in airflow direction relative to the electric field direction. For the headwind effect, the motion direction of electron caused by the applied electric field is opposite to the motion direction of the neutral molecules from the airflow. Thus, the relative mean free path of electrons decreases compared with that in static air; this effect is shown in the row of the relative mean free path in Fig. 6 . In this case, the electron obtains less energy from the applied electric field in a mean electron free path, which decreases the collision ionization probability and the ionization coefficient. Therefore, the number of the electron avalanche exp(αx) at distance x decreases due to the decrease in the ionization coefficient α. According to streamer theory [24] , the breakdown condition demands (in the simplified form) that 18 ≤ αd ≤ 20 or exp(αd) ≈ 10 8 . Therefore, the breakdown voltage increases in the headwind case because of the decrease in αd or exp(αd) compared with that in static air. Analogously, for the downwind effect (the motion direction of an electron is the same as the motion direction of the neutral molecules from the airflow), the ionization coefficient α increases because of the increase in the relative mean free path of the electrons. Therefore, the breakdown voltage decreases because FIGURE 6. Factors that influence discharge in airflow. The first row (I: air density) describes the variation of the air density with airflow velocity, where v Fi , v Fj and v Fk denote three airflow velocity values, ρ i , ρ j and ρ k , denote the respective air density values, and λ ei , λ ej and λ ek , denote the corresponding mean free path of electrons; when v Fi < v Fj < v Fk , we have ρ i > ρ j > ρ k , and λ ei < λ ej < λ ek . The second row (II: relative mean free path) describes the variation in the relative mean free path of electrons in three conditions in the static air case, in the headwind case, and in the downwind case, where symbol • denotes the electron, symbol denotes the molecule, and Collision denotes the collision position between the electron and molecule; v F denotes airflow direction, v e denotes the direction of electron motion, λ e0 denotes the relative mean free path of electron in the static air case, λ e1 denotes that in the headwind case, and λ e2 denotes that in the downwind case; and we have λ e1 < λ e0 < λ e2 . The third row (III: diffusion radius) describes the variation of diffusion radius of electron in three conditions, where x denotes the axial distance, R 0 denotes the diffusion radius of electron in the static air case, R 1 denotes that in the headwind case, and R 2 denotes that in the downwind case; we have R 2 < R 0 < R 1 .
of the increase in αd or exp(αd). In fact, we have concluded in Section III that, compared with the headwind effect, the downwind effect imparts electrons with more energy from the applied field, which indicates that the relative mean free path of electrons for the downwind effect is greater than that for the headwind effect. These conclusions agree with the aforementioned discussion. Thus, the change in the relative mean free path of electrons caused by the airflow direction is one of the reasons causing the polarity effect, which is an enhancing factor for discharge for the downwind effect and a weakening factor for the headwind effect.
According to streamer theory [24] , the diffusion radius of electrons R = sqrt(3Dt), where D is the diffusion coefficient and t is the time. From the row of the diffusion radius in Fig. 6 , we have t = x/v c , where v c (v c = v e + v F ) denotes the macroscopic velocity of the electrons in the axial direction; v e is the drift velocity of electron and v F is the airflow velocity. Therefore, for the headwind effect, the diffusion radius R increases compared with that for static air because of the decrease in v c . For the downwind effect, the diffusion radius R decreases because of the increase in v c . These conclusions are also consistent with the experimental results that the extension radius of the corona discharge for the headwind effect is greater than that for the downwind effect (shown in Figs. 4 and 5) . As we know from streamer theory [24] , the streamer forms when the field of the space charge reaches the order of the applied field. The field of space charge Er = eαexp(αx)/(3π εR), where e is the electronic charge and ε is the permittivity. For the headwind effect, the αexp(αx) term decreases because of the decrease in the relative mean free path as discussed in the aforementioned section, and the diffusion radius R increases, which results in the field of space charge Er being decreased. Therefore, the formation of the streamer for the headwind effect is more difficult than that in static air. For the downwind effect, the opposite results are obtained, i.e., the streamer more easily forms for the downwind effect. Therefore, the breakdown voltage increases for the headwind effect because of the increase in diffusion radius R and decreases for the downwind effect because of the decrease in the diffusion radius R. Thus, the change in the diffusion radius of electrons caused by the airflow direction is another one of the reasons causing the polarity effect, which has the same effect as the change in the relative mean free path of electrons on the discharge in the airflow, i.e., it is also an enhancing factor for the discharge for the downwind effect and a weakening factor for the headwind effect.
So far, we have found that the reasons causing the polarity effect are due to the changes in the relative mean free path of electrons and the diffusion radius of electrons. Both are affected by the airflow direction and enhance the discharge for the downwind effect and weaken the discharge for the headwind effect. They are also the two major factors affecting the variation trend of the breakdown voltage with airflow velocity.
In addition, as we know from fluid dynamics [23] , air density decreases with increasing airflow velocity, which results in an increased mean free path of electrons, as shown in the row for air density in Fig. 6 . Therefore, the electron acquires more energy from the applied field in a mean free path. As a result, the ionization coefficient increases and the breakdown voltage decreases with the increasing airflow velocity (in the range of the experimental velocity). This change is discussed in detail in [12] . Therefore, the decrease in air density caused by the airflow velocity is another factor affecting the variation trend of the breakdown voltage with airflow velocity.
Based on the aforementioned discussions, we find that the strength of the polarity effect is synthetically affected by the combined effects of the relative mean free path of electrons, diffusion radius of electrons and air density. To explain the experimental results, we perform the following analysis.
The total increase in the breakdown voltage value in the airflow relative to that in static air is defined as U = U 1 + U 2 + U 3 , where 1 is the increase in the breakdown voltage value caused by the change in the relative mean free path of electrons, and 2 is that caused by the change in the diffusion radius of electrons, and U 3 is that caused by the change in the air density.
Thus, the breakdown voltage value U (v) is expressed as:
where U 0 is the breakdown voltage value in the static air, and v is the airflow velocity. The effect of the relative mean free path of electrons is abbreviated as ERMFP; the effect of the diffusion radius of electrons is abbreviated as EDR; and the effect of the air density is abbreviated as EAD. To further clarify the combined effects on the breakdown voltage and reveal the competition mechanism among the ERMFP, EDR and EAD, two definitions are described as follows.
Definition 1: The change rate of the breakdown voltage caused by the ERMFP, EDR and EAD, which is denoted as a 1 , a 2 , and a 3 , respectively, is defined as:
Definition 2: The change velocity of the breakdown voltage caused by the ERMFP, EDR and EAD, which is denoted as b 1 , b 2 and b 3 , respectively, is defined as:
For experiment 1, i.e., in the headwind case, both 1 and U 2 are positive because of the decrease in the relative mean free path and the increase in the diffusion radius. U 3 is negative because of the decrease in the air density. Considering the rising trend of the breakdown voltage in area I, we have (a 1 + a 2 ) > |a 3 |, and (b 1 + b 2 ) > |b 3 |, which indicates that the ERMFP and the EDR are dominant for the discharge at this stage, i.e., the ERMFP and the EDR on the breakdown voltage in both the change rate and change velocity of the breakdown voltage are greater than the EAD in area I. With the increasing airflow velocity, the EAD is rapidly enhanced [12] . As a result, a balanced state will be reached, which makes a maximum breakdown voltage value appear (the highest point in experiment 1), where (b 1 + b 2 ) = |b 3 |. When the airflow velocity enters into the range of area II, the breakdown voltage has a descending trend, i.e., (b 1 + b 2 ) < |b 3 |. This result indicates that the decrease in the air density takes a leading part in the trend of the breakdown voltage with airflow velocity at this stage. That is, the EAD on the change velocity of the breakdown voltage is greater than the sum of the ERMFP and EDR at this stage, which is also the essential reason causing the breakdown voltage to decrease in area II.
For experiment 2, i.e., in the downwind case, 1 , 2 and U 3 are all negative because of the increase in the relative mean free path and the decrease in the diffusion radius and air density. In addition, the ERMFP, EDR and EAD are all strengthened with the increasing airflow velocity. Therefore, for the downwind effect, we conclude that (a 1 + a 2 + a 3 ) < 0 and (b 1 + b 2 + b 3 ) < 0. As a result, the breakdown voltage decreases with increasing airflow velocity under the combined effects of the ERMFP, EDR and EAD, which is also consistent with the experimental results as shown in Fig. 3 . In addition, we find that the scatter degree of the measured data in the downwind case is greater than that in the headwind case. For this difference the reason may be as follows: the streamer is easier to form in downwind case, which results in that the voltage disturbance is more sensitive to breakdown.
According to the aforementioned discussions, we conclude that the relative mean free path of electrons, diffusion radius of electrons and air density are the three major factors affecting the polarity effect. Their influence on the breakdown voltage varies with the change in the airflow direction and airflow velocity. The combined effects of the three factors synthetically affect and determine the final variation trend in the breakdown voltage with airflow velocity.
However most of applications in HV systems are AC cases (typical cases: the insulators in overhead lines in windy weather, and the roof insulators of a high speed moving train). In this case, an alternating electric field is applied to the high equipment. Thus the equipment will suffer the headwind effect and downwind effect in cycle. According to the results obtained in this paper, the headwind effect weakens the discharge, and the downwind effect enhances the discharge. As a result, the high equipment will suffer a feeble link under downwind case. Thus we suggest that the creepage distance of an insulator and air gap distance should be increased under AC case in a windy environment.
V. CONCLUSION
In this paper, we performed studies examining the influence of airflow with the field direction on the air discharge under DC voltage conditions and reported some valuable results. The airflow causes an obvious polarity effect; the downwind effect decreases the breakdown voltage, and the headwind effect generates the opposite result. The changes in the relative mean free path and diffusion radius of electrons caused by the airflow direction are the cause of the polarity effect. Those two factors have opposite effects on the discharge under different airflow directions, i.e., the effects weaken the discharge in the headwind case and enhance the discharge in the downwind case. The decrease in the air density caused by the airflow velocity is a factor resulting in the decreased breakdown voltage. The combined effects of the relative mean free path of electrons, the diffusion radius of electrons and the air density synthetically affect the polarity effect and determine the variation trends in the breakdown voltage with airflow velocity. These results deepen the knowledge of air discharge in airflow and provide support for insulation protection in an airflow environment.
